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Abstract: A low complexity coherent 16>400 Gbit/s datacenter interconnect with 50Gbaud 4SC-
16QAM DSCM signal is experimentally demonstrated, enabled by a novel low complexity
transceiver 1Q skew estimation method and simplified equalizer embedded phase tracking. © 2024
The Author(s)

1. Introduction

Digital subcarrier multiplexing (DSCM) technique has been regarded as an attractive solution in power consumption
sensitive datacenter interconnect (DCI), which exhibits the potential in the simplification of the dispersion
compensation [1, 2]. However, compared to the conventional single carrier system, the DSCM signal is more
sensitive to the transceiver 1Q shew. The subcarriers will suffer severe interference from symmetrical frequency
subcarriers in the presence of transceiver 1Q skew, especially for the subcarriers located at high frequency, causing
seriously performance degradation [3]. Multiple-in multiple-out (MIMO) equalizer is an effective method to address
1Q skew impairments [4]. Different from the single-carrier system, an 8>8 real-value MIMO equalizer is required
for a symmetric subcarrier pair in DSCM systems, resulting in high computational complexity [5, 6].

In this paper, we propose a novel low-complexity transceiver 1Q skew estimation method based on specially
designed training signal to compensate both the Tx-skew and Rx-skew for DSCM systems to avoid complicated 8>8
real-value MIMO equalizer. Besides, to further reduce the computational complexity of the Rx-DSP, a simplified
equalizer structure embedded a 1-tap phase factor is also proposed, which cascades a 1-tap 2>2 MIMO and two N-
tap single-in single-out (SISO) equalizers. The proposed method is proved in 50Gbaud 4SC-16QAM DSCM WDM
system with 16 channels. The results show that about 6dB OSNR gain can be obtained at the HD-FEC threshold
after transceiver 1Q skew compensation. And there is almost no performance penalty of the proposed simplified
equalizer compared to the conventional CMMA combined blind phase search (BPS) method. According to the
results, the proposed low complexity coherent DSCM scheme is a promising solution for DCI applications.
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Fig. 1. Experimental setup and DSP flow. (a) Training signal structure.
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2. Operation Principle

Figure 1(a) gives the structure of the specially designed training signal in the single-polarization case. The first half
of the training sequence is real, while the second half is imaginary, which is transmitted individually in I and Q
channels at different time periods. And the signal exhibits the feature of being composed of four identical blocks in
the frequency domain. The signals with Tx-skew are denoted as s;, and s, where the superscript means the signal
transmitted in 1/Q channel at the transmitter. And denoting the real and imaginary parts of the received signal with
Rx-skew as s}, and sgqu respectively. By performing correlation operation between adjacent frequency blocks of
the training signal in frequency domain, we can obtain:
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where Ng is the size of each block, ¢, =27z, IN, ¢\ =-27r, IN (z}/S, : time delay in 1/Q channel at Tx/Rx),
and k; is the frequency offset. Similaly, CrrSF'wQ can be calculated by the correlation operation of SF'WQ (k) The
Rx-skew can be calculated by:
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By together utilizing the second half of the sequence, the Tx-skew can also be obtained by:
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3. Experimental setup and results
10" : :
102} f— - (a)
SR S LR NEPE
10° | HD-FEC B

- # - CMMA+BPS w/o skew comp. ¥
10%t-o- N-tap 2>2 LMS w/o skew comp.

- @ - Simplified LMS w/o skew comp.. : + wio Skew comp. : ‘ (iif~ ol
—8— CMMA+BPS w/ skew comp. | ‘ 104 F - —@—w/ proposed method [
10" k- —8— N-tap 2>2 LMS w/ skew comp. [ :+w/‘8>€ MIMO equalizer i oD o8
+S|mpllf|ed LMS w/skew comp. i | | | | | | &0 e
1 1 1 1 1 1 1 10-5 1 1 1 1 1 1 YT
22 24 26 28 30 32 34 24 26 28 30 32 34 (f) & o 8
ey = -
OSNR (dB) OSNR (dB)

Fig. 2. BER curves with (a) three equalizers and (b) different skew compensation methods in single wavelength OBTB transmission.

Figure 1 shows the experimental setup of 16>400 Gbit/s 4SC-16QAM DSCM WDM system. At the transmitter, 16
tunable external cavity lasers (ECLs) with 75GHz grid are used as the optical carriers for the WDM transmission.
The output power and linewidth of each optical carrier are 16dBm and less than 100kHz respectively. In our
experiment, one optical carrier is input into a dual-polarization 1Q modulator (DP-IQM) to generate the tested signal,
while other 15 carriers are coupled and then injected into another DP-IQM to be used as the untested channels. To
compensate the power difference between the tested channel and other coupled 15 channels, a polarization
maintaining Erbium-doped fiber amplifier (PM-EDFA) is used for the coupled carriers. Then, the output signals
from the two modulators are coupled together and injected into several cascaded fiber spans. Each span contains an
EDFA and 80km single mode fiber (SMF). After fiber transmission, another EDFA is used to compensate the power
loss. At the receiver, the tested wavelength is filtered out by the programmable wavelength selective switch (WSS).
The selected signal together with the local oscillator (LO) is input into a finisar 40-G class integrated coherent
receiver (ICR) for coherent detection. And the detected signals are captured by a Lecory oscilloscope (Osc) with
80GSa/s sampling rate. The signal generation and processing is achieved in the offline matlab, and the digital signal
processing (DSP) algorithms are given in Fig. 1. In the calibration phase, a specially designed training signal is used
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to estimate the transceiver 1Q skew. Based on the estimated skew values, the Tx-skew is calibrated before loading to
the DP-IQM. As for the Rx-DSP, Rx-skew compensation is done first. And the following DSP algorithms include
resampling, Gram-Schmidt orthogonalization procedure (GSOP), pilot tone based frequency offset compensation,
SC demultiplexing, root raised cosine (RRC) filter, CDC, retiming, synchronization, equalization and BER counting.

To evaluate the effectiveness of the proposed transceiver 1Q skew compensation and simplified equalizer, the
BER performance versus OSNR in single wavelength OBTB transmission is measured and shown in Fig. 2(a). The
performance based on the simplified equalizer is compared to that using conventional 2>2 MIMO CMMA with BPS,
and N-tap 2>x2 MIMO LMS equalizer combined with 1-tap phase factor. The proposed simplified equalizer shows
the similar performance to the other two schemes as shown in Fig. 2(a). After transceiver 1Q skew compensation,
about 6dB OSNR gain can be observed at the HD-FEC threshold. Fig. 2(b) also gives the BER performance utilizing
8>8 real-value MIMO equalizer to compensate the transceiver 1Q skew. It can be seen that the proposed method
shows the similar performance to the 8>8 real-value MIMO, while operating in a lower complexity manner. Fig. 3(a)
shows the measured BER of the 7™ channel under different OSNRs in WDM transmission. According to the results,
there is almost no OSNR penalty in WDM transmission compared to the corresponding single channel transmission
in OBTB. The performance in fiber transmission is also investigated. Fig. 3(b) gives the BER performance of the 71"
channel under different transmission distances with three equalization schemes, and the total launch power of
combined WDM channels is about 12dBm. When the transmission distance less than 560km, the performance
utilizing these three equalization schemes is almost the same. However, the performance with the proposed
simplified equalizer is inferior to the other two schemes when fiber length is longer than 560km, since the 1-tap
MIMO fails to address the influence of polarization mode dispersion (PMD) well. The BER performance of all 16
channels over 640km SMF transmission with the proposed simplified equalizer and transceiver 1Q skew
compensation is given in Fig. 3(c). All the measured BER can be below the SD-FEC threshold after 640km SMF
transmission. And the optical spectra of 16-channel WDM signals in OBTB is inserted in Fig. 3(c).
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Fig. 3. (a) BER versus OSNR in OBTB, (b) BER versus fiber length and (c) measured BER of all 16 channels in WDM transmission.
4. Conclusion

The demonstration of 16>400 Gbit/s 4SC-16QAM DSCM WDM transmission with transceiver 1Q skew
compensation and simplified equalizer method is experimentally achieved. A specially designed training signal is
used to realize precise and low complexity skew estimation, and about 6dB OSNR gain can be obtained at the HD-
FEC threshold after skew compensation. Besides, there is almost no performance penalty by utilizing the simplified
equalizer compared to the conventional equalization and phase noise compensation method. Therefore, the proposed
low complexity coherent DSCM scheme shows the potential for application in DCI.
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